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Abstract
With a growing focus on sustainability many companies are proactively assessing their product and
supply chain footprints. Cisco is a leader in the ICT (Information and Communications Technology)
industry and is working to define best practices and standards. Product life cycle assessment (LCA)
capability is an important competency as customers begin to request environmental impact data.
The current LCA standard is to use a commercial software package, such as GaBi or SimaPro, but these
tools require significant workforce resources. Often the majority of the time spent completing the
assessment is focused on areas that have a minimal contribution to the overall product footprint.
Industry specific estimation techniques are being developed which will allow for assessments to be
completed with fewer resources.
The goal of this work is to evaluate the footprint of a single rack unit router using a full life cycle
assessment. Results from the life cycle assessment show that the use phase contributes over 95% of the
total global warming potential (carbon footprint) given the selected assumptions. For the production
phase, printed circuit boards and integrated circuits contribute over 70% of the total global warming
potential.
The iNEMI Eco-Impact Evaluator methodology allows for a significant reduction in analysis time to
calculate a footprint and offers a valid option for creating life cycle assessments. The footprint results
from this estimation technique show similar trends when compared to the results of the full life cycle
assessment. The use phase is predicted to be the dominant phase.
Based on a detailed comparison, the iNEMI Eco-Impact Evaluator methodology shows great promise as
an option to generate product life cycle assessments with lower analysis time. This technique will allow
users to integrate LCA capability into the design cycle and make valuable trades to reduce the
environmental impact of future products.
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1 Introduction
As the world population continues to expand the awareness level regarding the environmental
impact of consumed products is increasing. While both individuals and companies are
interested in reducing their overall footprint, it is often difficult to understand which actions
will result with a positive impact. To even further complicate this issue, improvements are
difficult to quantify, which results in corporations struggling to define actionable strategies for
improvement. Using life cycle assessment (LCA) methodology is one option to help provide a
quantified impact. LCA evaluates the environmental impact of a product over the complete
cradle to grave life by focusing on four key phases: production, transport, use and end of life.
By dividing the assessment into these four categories, the user gains insight as to where
improvements can be made to reduce the overall footprint of a product. This document
focuses on the use of life cycle assessment methodology in a large organization and on
opportunities for implementation improvements to achieve maximum adoption for all of a
corporation's product offerings.
1.1 Problem Statement
While life cycle assessment can be used to measure the environmental impact of a company's
products, actually developing this analysis capability and performing the associated analyses
can be quite cumbersome. Basic guidelines exist, including ISO 14044 [1], but companies are
left to decide how to integrate this capability into their existing organizations. Many companies
use commercially available software packages, such as GaBi and SimaPro, to perform life cycle
assessments as these packages include large sets of reference data which reduce analysis time.
While commercially available tools are a great starting point for any company to perform a life
cycle assessment, decisions are still required regarding how the assessments will be completed.
Choices regarding how many products will be evaluated, how the data will be collected, what
level of detail is desired, what level of resources can be committed, how individual assessments
fit into the organization's strategy, and how this capability will be sustained in the future need
to be decided. For Cisco Systems, Inc., these items are all challenges that are being addressed.
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While all of these items are considered in this thesis, the primary focus stems from the issue of
required level of resource commitment.
Life cycle assessments for complex products can require a significant resource commitment
which results in companies either not being capable of performing LCAs for all products or LCAs
being performed after the design is complete. If LCA results are only available after a design is
complete it is often too late to make changes that have a significant impact. Ideally life cycle
assessments would be performed concurrently with the product design phases but this requires
the capability to produce valid footprint results quickly. A work group of iNEMI (International
Electronics Manufacturing Initiative), which includes Cisco, has been developing a simplified
LCA tool call the Eco-Impact Evaluator methodology which aims to reduce the time spent
performing these assessments while still providing accurate results. The concept is based on
the idea that for a given set of products, which in this case are from the ICT (Information and
Communications Technology) industry, footprint trends are present and can be used to simplify
the assessment methodology.
1.2 Hypothesis
The iNEMI Eco-Impact Evaluator methodology can calculate comparable results relative to a
baseline assessment performed using the GaBi methodology. Not only will the results be valid
in identifying key contributing factors to the footprint, but also fewer resources will be required
to perform the assessment and the time required for completion will be reduced.
1.3 Research Methodology
A full GaBi life cycle assessment compliant with ISO 14044 standards is completed for a Cisco
edge router. The same collected data that is used for the GaBi LCA is then used as the input for
a second life cycle assessment performed using the iNEMI estimator methodology. A detailed
comparison is performed evaluating each of the four phases (production, transport, use, and
end of life) independently to determine how the estimator induces differences from the
baseline. Since the goal of the estimator is to produce accurate results comparable to the
baseline, areas identified for possible improvement are further evaluated and options for
reduced estimation error are provided.
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1.4 Thesis Outline and Chapter Overview
This document details the research that was conducted at Cisco regarding methodologies for
evaluating environmental footprints. The chapters are organized to provide insight on the work
performed and the associated results.
Chapter One provides an overview of the current situation that many companies are facing
when trying to reduce product environmental footprints and become more sustainable.
Chapter Two provides a high level overview on the topics of sustainability and life cycle
assessment.
Chapter Three details the methodologies that are used for performing the GaBi life cycle
assessment, the iNEMI Eco-Impact Evaluator life cycle assessment and the comparison of the
two sets of LCA results.
Chapter Four presents the assumptions and results of the Gabi life cycle assessment. Each of
the four phases is presented independently with a detailed focus on the elements that
comprise the production phase.
Chapter Five provides information on the associated variability and sensitivity of the results
presented in Chapter Four.
Chapter Six presents the assumptions and results of the iNEMI Eco-Impact Evaluator life cycle
assessment. Results from the estimator are compared in detail to the results produced by the
full GaBi LCA. Each of the four phases is presented independently with a detailed focus on the
elements that comprise the production phase.
Chapter Seven provides recommendations for the design of edge routers with a focus on
reducing the total lifecycle footprint. Recommendations for improving the prediction capability
of the estimator are described along with suggestions for improved integration within
organizations.
Chapter 8 presents the final conclusions.
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2 Sustainability
The topic of sustainability is vast and includes many different areas of focus. This particular
document focuses on understanding footprint evaluation methodologies and measuring
emissions, which is one small facet but is viewed as a valuable tool in supply chain
management. [2]
2.1 Currents Trends in Sustainability
The term 'carbon footprint' is often used when discussing topics regarding sustainability but
can have many different interpretations. PAS 2050 defines this term as "the amount of
greenhouse gas (GHG) emissions caused by a particular activity or entity, and thus a way for
organizations and individuals to assess their contribution to change." [3] Building from this
definition, organizations that desire the ability to calculate their carbon footprint can follow a
few paths. One option is to develop a supply chain footprint which focuses on the entire
organization and not a specific product. The second option is to calculate product footprints,
which is the primary use of life cycle assessment methodology. Regardless of what method is
selected, there are potential benefits for an organization that understands and actively works
to reduce their footprint. [2]
Supply chains can be simply viewed as having two inputs (materials and energy) and two
outputs (product and non-product). Three of these streams are expenses while only one is
revenue generating. [2] Reduction of the three expenses both increases profit and can result in
a more sustainable product and supply chain as fewer raw materials are used or less energy is
consumed. This alignment of incentives is motivation for many organizations to evaluate
options for improved supply chain sustainability.
Depending on the product and manufacturing model of a corporation, over 50% of the total
carbon footprint could be generated from the supply chain rather than through internal
operations. [4] It is possible for companies in the ICT industry to experience even higher
percentages of carbon emissions from the supply chain since many outsource manufacturing.
Scope 1 and 2 emissions, which are a result of a company's direct operations [5], will be lower
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relative to a similar company who manufactures their own products. This trend highlights the
need to have a detailed understanding of where emissions are generated in the supply chain.
Life cycle assessment allows for this information to be tabulated for specific products. This
product specific information can then be aggregated to understand the total environmental
impact of the supply chain.
2.2 Life Cycle Assessment
The GaBi life cycle assessment performed for this router follows the 1S014044 standard.
According to this standard, there are four key steps required for a life cycle assessment:
1. Define the goal and scope
2. Perform a life cycle inventory (LCI)
3. Perform a life cycle impact assessment (LCIA)
4. Interpret the results [1]
The first step, defining the goal and scope, is used to frame the analysis. A functional unit is
defined and analysis boundaries are set which is required to understand what should and
should not be included in the life cycle assessment. Also, items such as required data quality,
the intended audience and key assumptions are outlined.
The second step is a tally of all inputs and outputs relative to the defined system boundary.
These inputs and outputs include, but are not limited to, items such as energy, raw materials,
atmospheric and waterborne emissions and solid wastes. [6]
The third step focuses on using the results to calculate an impact from the emissions calculated
for the LCI. For example, a process might emit both carbon dioxide and carbon monoxide. Both
are known contributors to global warming but one kilogram of each does not have the same
environmental impact. The LCIA phase is used to assign relative impacts. The following GaBi
analysis uses the TRACI (Tool for the Reduction and Assessment of Chemical and Other
Environmental Impacts) Global Warming Potential (GWP) metric to capture the combined
impact of all emissions on global warming. [7]
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The fourth step, interpreting the results, includes evaluating how the LCI and LCIA results
impact the product. Producers and users of the product should be evaluating this information
based on their sustainability goals.
This thesis primarily focuses on step two, the LCI phase, which will simply be referred to as the
life cycle assessment from this point. It is this step that requires the majority of the analysis
and is typically the focus during an evaluation.
2.3 ICT Life Cycle Assessment Trends
As with any analysis performed, it is important to benchmark the results with those from
comparable analyses as an initial validation. One such comparable analysis was performed on a
single rack unit, 24 port, Cisco manufactured switch [8]. While the absolute magnitude of the
results may not be comparable to other products, it is expected that the distribution of
emissions throughout the four phases of the life cycle assessment will be similar. The
distribution of the carbon emissions for this switch was found to be:
* Production - 7%
e Transport - 2.75%
* Use - 89%
e End of Life - 1.25%
These results show that the use phase is the primary contributor to the total carbon footprint
with production having the second largest impact. This trend is expected for ICT products since
once placed into service; most products remain operating continuously for an extended period
of time. This particular product was assumed to be operating for five years with 99.999%
uptime. [8]
Chang, Chen and Hsu performed and documented a life cycle assessment for an LCD television.
[9] While this is not a product in the ICT category, it is a product that can have a long use phase
after the initial manufacturing process. The distribution of the carbon footprint was found to
be:
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* Production - 40.12%
* Transport-0.02%
* Use - 59.54%
* End of Life - 0.32%
Without having access to the full set of assumptions used it is hard to draw conclusions
between these two analyses except for noting that the production and use phases are the
primary contributions and should be the focus of life cycle assessments for ICT products.
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3 Methodology
This research can be divided into three key sections. The first component is the life cycle
assessment performed using GaBi and is considered to be the baseline reference. The second
component is the life cycle assessment performed using the iNEMI Eco-Impact Evaluator
methodology, which will often be referred to as the 'estimator' methodology in the following
sections. The third component of the research is the comparison of the two sets of life cycle
assessment results. This component also includes the derivation of recommendations and
improvements.
3.1 GaBi Methodology
The GaBi life cycle assessment follows the 15014044 standard for performing life cycle
assessments. Note that throughout this document the full LCA will often be referred to as the
GaBi LCA. The goal of this section is to describe the high level detail of this analysis
methodology. Details are described for each phase and component in detail in Chapter 4.
The functional unit of this analysis is an edge router without any additional input/output ports
beyond the baseline configuration. Cables for both data transmission and power supply are not
included. The lower of the two available forwarding rates is assumed and only one power
supply is considered functional. The intended use of this analysis is for the comparison
presented in the following chapters, not for reporting to customers or for a competitive
comparison with other products.
The system boundary includes the following items:
* Upstream raw materials
* Upstream energy production
" Electrical component production
e Mechanical component production
" Packing material production
* Energy consumption during assembly
* Energy consumption during test
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* Transportation of final package to installation site
In service use
e End of life disposal
This analysis does not include the following items:
e Capital equipment and maintenance
e Overhead of manufacturing facilities
e All transportation except for final product
* Human labor
e Service (repair and replacement)
3.2 iNEMI Eco-Impact Evaluator Methodology
While the use of GaBi for performing life cycle assessments in well known, the Eco-Impact
Evaluator methodology is relatively new. It is the intention of this section to provide an
introduction to the Eco-Impact Evaluator estimator and further details are presented in Chapter
6. As previously mentioned, the estimator is being developed by an iNEMI work group
comprised of industry and academic representatives of the ICT industry. The goal is to produce
a tool that can evaluate the eco-impact of ICT products using a simplified approach. A
framework has been developed to explore and document the content required for a software
tool. The software tool is currently being developed and is used as the basis for the life cycle
assessment document in Chapter 6.
The iNEMI work group tasked with developing the framework decided to first focus on global
warming potential. The goals of the iNEMI Eco-Impact Evaluator are as follows:
e "Integrate simplified processes to more easily (than with complex LCA software
programs) derive eco-impact information
e Provide a reasonable accuracy that is suited to the ICT industry's needs for such
information
e Categorize targeted products and their assets to provide a unified format for requesting
LCA information from suppliers
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e Define key elements within ICT products types based on their relative importance in
contributing to the overall eco-impact
* Provide a common mechanism that promotes a simplified means of evaluating eco-
impacts, summarizing the results, and communicating the information within the
industry and the requests toward the supplier industry
e Demonstrate scalability, transparency, and a means for continuous improvement
relative to the continuing technological developments in ICT products and its supply
chain." [B]
As the goals state, the estimator is designed to focus on key areas that drive the footprint for
ICT products.
Since the estimator is designed to be a more direct approach to LCA, the iNEMI work group
defined ten steps for performing an LCA using the following approach:
1. "Define the goal and scope of the study, including defining the functional unit and
system boundaries
2. Break down the ICT product into a structure that describes how the different parts fit
together, and identify the component list
3. Set the base flow for the functional unit, e.g., one ICT product that operates over a given
lifetime
4. Group the component list according to common ICT component categories
5. Populate the data for the assembly of the ICT product
6. Determine the transportation distances for the ICT product assembly nodes to the
distribution center nodes, and then to the end-user locations
7. Determine the energy consumed during the "use stage" of the ICT product's service life
8. Determine the probable distribution of end of life treatment for the ICT product. Use the
approximate material composition for the ICT product as the input for the end of life
stage
9. Calculate the eco-impacts using the LCA estimator tool
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10. Evaluate the LCA estimator tool results and perform a sensitivity analysis on the results
to confirm its validity." [10]
These steps are used as guidance for performing the life cycle assessment with the estimator.
Note that the information provided in Section 3.1 regarding the goal and scope definition
applies for estimator life cycle assessment.
3.3 Comparison Methodology
Both life cycle assessments are performed using the same set of input data representing the
product. Differences in the results represent either data differences embedded in software
tools or with the processes used to input the product data into the software tools. The
comparison is performed by identifying differences in results and determining the cause of
these differences. While absolute emission values cannot be presented in this document,
results in will be presented and explained using percentages. The results of this comparison are
found in Chapter 6.
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4 Full LCA Results
The results of the complete life cycle assessment are presented for each of the four phases.
The information in this chapter represents the results calculated using GaBi and is considered to
be the baseline for future comparisons. The following figure corresponds to the total carbon
emissions (TRACI Global Warming Potential) for an average router with an average life span. All
assumptions are presented in the following sections.
Figure 1: Total Life Cycle Footprint Predicted Using GaBi
The results show that the use phase contributes 95.2% of the total carbon footprint. The
production phase contributes 3.0%, which is significantly less than that of the dominant use
phase. The transport phase contributes 1.1% and the end of life phase contributes 0.6%. The
results indicate that it is important to understand the underlying assumptions that are required
to complete the use phase analysis as any variation can have a significant impact on the overall
result.
The following sections in this chapter present the assumptions and results of the full GaBi life
cycle assessment. Limited discussion on sources of variation and potential improvement
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Total Footprint - GaBi (% CO2e)
0.6% 3.0% 1.1%
* Production
* Transport
* Use
* End of Life
opportunities is presented. A detailed discussion on sources of variation and uncertainty is
presented in Chapter 5.
4.1 Production
The production phase contributes 3.0% of the total carbon footprint. While the production
phase for this product is a minimal contributor, industry trends show that for other products
this phase can have a substantial impact. Therefore, it is important to understand the details of
the production phase so that product improvements can be made. The following figure
represents the production phase carbon footprint.
Figure 2: Total Production Footprint Predicted Using GaBi
The combined impact of the printed wire boards and integrated circuits is 75.4% of the total
production carbon footprint. The remaining electrical components contribute 10.9% and the
mechanical components contribute 8.6%. Assembly and test contributes 5%. Due to the large
contribution from the printed wire boards and the integrated circuits, detailed discussions of
these components are presented in the following sections of this chapter.
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Production Footprint - GaBi (% CO2e)
38.4%
0 Printed Circuit Boards
* Integrated Circuits
* Other Electrical Components
* Mechanical Components
* Assembly and Test
4.1.1 Printed Wire Boards
The printed wire boards are one of the main contributors to the production footprint. It is
important that the methodology used to evaluate the integrated circuits is well documented as
there are multiple possible methods that can yield significantly different results.
The GaBi dataset used includes printed wire boards for 6 different layer counts (1s1, 2s2, 2s4,
2s8, 2s12, 2s16) and two different surface finishes (AuNi plating and Hot Air Solder Leveling).
Reference data is for a 1 square meter board area and can be scaled accordingly. For many of
Cisco's products, this data set is limiting. It is possible for boards to have higher layer counts
than the reference components in the GaBi dataset. Also, for this router, the boards have an
OSP (Organic Solderability Preservatives) finish, not HASL or AuNi. OSP is typically a low cost
alternative to HASL so it is assumed that the HASL datasets apply.
Methodology
Since higher layer count boards are not available with the available GaBi dataset, a simple
extrapolation methodology is used. Looking at GaBi data it is apparent that the associated
carbon emissions for higher layer count boards is directly correlated to layer count. An
extrapolation is used to estimate the associated carbon footprint for the higher layer count
boards. After the associated carbon footprint for a high layer count board is calculated, an
equivalent area for a 16L board with the same carbon footprint is calculated so that the data
can be included in the GaBi model. Going forward, Cisco needs to collect data for high layer
count boards to improve the accuracy of the results since these boards are a prime contributor
to the production carbon footprint.
For calculating the actual board area, the rectangular footprint is calculated based on the
maximum width and length. It is assumed that for the areas of the board that have been
removed, manufacturing processes are still performed and this area should be included in the
footprint. Note that only the drawings for the final production of the boards are used. It is
possible that an even larger board is used to cut this final shape. For some boards the layer
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count could not be obtained from the available documentation. In these cases layer count is
estimated based on previous observations.
Based on the outlined analysis the printed circuit boards contribute 38.4% of the production
footprint for this router.
4.1.2 Integrated Circuits
The integrated circuits are one of the main contributors to the production footprint. It is
important that the methodology used to evaluate the integrated circuits be well documented
as there are multiple possible methods that can yield significantly different results.
The GaBi dataset includes multiple integrated circuits of different sizes and package types. The
following package types are included: BGA, DIP, PLCC, QFP, SO, SSOP, TQFP, TSOP, and TSSOP.
For each package type there are footprint models for approximately three different sizes. This
data set is very limiting because many of the integrated circuits used in this router are much
larger in terms of package footprint than the reference components. This makes assessing the
production footprint very difficult because the integrated circuits are one of the main
contributors. Also, there is an associated assumption for silicon content which is incorrect to
assume for all integrated circuits. For example, the BGA reference models assume that the
silicon consumes 80% of the package size footprint. Overall, a user or a company needs to
understand the underlying assumptions and develop a methodology for using this data. While
there are multiple methods that can be used, it is important that a company follows a single
procedure for all products and shares the methodology with customers to be transparent. The
best method would be to actually calculate the footprint using data from suppliers but for many
companies this is not yet possible.
Methodology
To start, all integrated circuits are classified using the reference package types. While some of
the package types used on this router are not included in the reference database, reasonable
assumptions are made and the closest reference package type is used. For all package types
other than BGAs, pin count scaling is used to calculate an equivalent number of reference
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components for this router. Since most reference package types have multiple reference sizes
to choose from, the reference package type with the closest pin count to the actual component
is used. The pin count of the actual component is then divided by the reference pin count to
obtain the equivalent number of reference components.
Since this router contains many large BGAs with high pin counts, multiple scaling
methodologies are evaluated. The majority of the effort is placed on pin count scaling and
silicon area scaling. Initially pin scaling is used as this is the easiest to implement, but it is later
determined to induce a large amount of error into the caltulation of the footprint. Pin scaling
requires the GaBi assumption of the die area to be 0.8 of the package area to hold true but this
is not the case for many of the BGA integrated circuits on this router. The majority of these
integrated circuits actually have an area ratio less than 0.2.
To account for this disconnect, a hand grinder is used to remove the package from all BGA
integrated circuits, allowing for the measurement of the die area. The die area is then used to
calculate an equivalent reference component value. Since the area ratio assumption is
incorrect and the actual values are smaller than 0.8 for all components, the package area for
the equivalent component area is then calculated and the remaining, unaccounted area is
factored into the model assuming a 2S4L HASL board. This methodology significantly reduces
the predicted value of the product's production footprint compared to the pin scaling
methodology but is assumed to be more accurate because the correct amount of silicon area is
accounted for. Again, many Cisco ASICs have high pin counts with a relatively low die content
compared a standard PC microprocessor. The following table is a sample of the ten largest BGA
integrated circuits utilized in this router. There is a large variation for the BGAs in terms of pin
count and die size.
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Part Pin Count Silicon
1 2303 13%
2 2303 16%
3 1657 11%
4 1436 90/0
5 1136 20%
6 1096 10%
7 676 6%
8 675 22%
9 672 11%
10 576 54%6
Table 1: Sample of Large BGA Integrated Circuits
Results
The integrated circuits contribute 37% of the production footprint. The contribution to the
carbon footprint from the integrated circuits is driven by the main board and the memory. The
main board contains the majority of the integrated circuits including the large BGAs mentioned
above. While the memory does not include any high pin count BGAs (all less than 200 pins)
there are a large number of smaller BGAs used. A detailed breakdown of the total integrated
circuit contribution by a printed circuit board is shown in the following figure.
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Figure 3: Details of Integrated Circuit Footprint by Printed Circuit Board
As previously mentioned, the main board and memory chipsets are the primary contributors to
the integrated circuit footprint.
The following figure shows the distribution of the integrated circuit footprint by package type.
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Figure 4: Details of Integrated Circuit Footprint by Package Type
Using the new methodology for calculating equivalent GaBi reference values for BGAs, the
corresponding percent contribution is 66% of the total integrated circuit carbon footprint. It is
recommended that future studies also perform the same procedure with QFP package type
integrated circuits. The 25% contribution is most likely skewed as the pin scaling methodology
could be overestimating the impact.
It is important that a company has a detailed procedure in place to evaluate integrated circuits.
The two main parameters to consider when developing a procedure are accuracy and time
spent to evaluate the footprint. For this router and similar routing and switching hardware it
makes sense to use the detailed methodology for the BGAs and also for the QFPs, as these
components contribute a significant amount to the production footprint. It would not make
sense to use the detailed procedure for all of the remaining integrated circuits. The
improvement in accuracy would be minimal for a significant increase in the time required to
evaluate a product. Personal experience also showed that the smaller an integrated circuit is,
the harder it is to remove the package and accurately measure the silicon size.
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4.1.3 Small Electronic Components
The two previous sections include information on the electronic components that are the main
contributors to the production carbon footprint. This section discusses the remaining
electronic components that are mounted on the printed wire boards. These smaller electrical
components partially include resistors, capacitors and transistors. While this router requires
thousands of these smaller components, the contribution to the footprint is much smaller when
compared to the printed circuit boards and the integrated circuits. Due to the number of
smaller components though, an analyst can spend days or even weeks sorting through a bill of
materials to determine the correct information that is required to build a GaBi model.
The GaBi electronics dataset contains a variety of reference components including resistors,
capacitors and transistors. Many other components are also included in the reference datasets
but for this router the available information is quite limiting. For each type of resistor and
capacitor there are only two to three sizes included, which means that a scaling methodology
needs to be used to input all components into the GaBi LCA model. This is true for most of the
components that comprise this router.
For the resistors and capacitors, weights are assumed for each package size. Weights are
assigned using material datasheets for these components. Potential error is induced as there
are multiple manufacturing sources for each component and information for only one is used in
the GaBi model. Using these assumed weights the resistors and capacitors in this router are
scaled to the GaBi reference components. For example, if a resistor weighs 50 mg and the
closest GaBi reference component weighs 100 mg, 0.5 units of the reference component is
entered into the GaBi model. For components other than resistors and capacitors, volume is
used as to scale instead of weight as detailed weight information is not readily available.
In terms of the production carbon footprint, the small electronic components contribute 10.9%.
It is interesting to note that the evaluation of these components require approximately 70% of
the total modeling time.
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4.1.4 Mechanical Components
The fourth item included in the production footprint is the contribution from the mechanical
(structural) components. This evaluation includes items such as the chassis, cover, screws and
internal support structures. To begin this evaluation, a router is obtained and disassembled
according to the bill of materials. The bill of materials for this product is comprised of
approximately five levels. Starting from the top level, the unit is weighed and disassembled.
Each sub-assembly or component that has been removed is then weighed. This procedure is
performed until all individual components at the lowest level of the bill of materials have been
weighed. For each component, the material is determined by evaluating the corresponding
engineering drawing. For combined components that could not be separated, the dominant
material of the remaining assembly is used. For these remaining assemblies there is typically
one primary component and the other components have a negligible contribution to the
measured weight. It is important to note that most assemblies are disassembled to the
component level.
Once the entire bill of materials is accounted for, a cradle to gate GaBi model is developed for
each component. The model uses GaBi databases to tally the impact associated with raw
material production and final component manufacturing. Based on this GaBi model, the
percent contribution of the mechanical components to the production carbon footprint is 8.6%
for this product.
4.1.5 Testing
The footprint of the required testing is evaluated by determining which tests are standard and
the corresponding time required to perform each test. Four key evaluations are performed on
a finished router. Data on the time to perform each test is available for each unit produced.
The required equipment for each test is known and by using the corresponding product
specification documents, average power consumption is also known. This information allows
for the required power consumption and the corresponding carbon footprint per unit to be
calculated. Note that only power consumption is used in calculating the footprint. No attempt
to allocate the production footprint of the test equipment to individual products tested has
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been made. The testing portion of the production phase contributes 5.0% to the production
footprint.
4.2 Logistics
To begin developing the GaBi model for the transportation phase, data from one year of sales
and shipping for this specific router are collected. For each unit shipped, records are available
regarding the shipping routes from the manufacturing center to the cities of the final
customers. Having data for individual units allows for a more complete model to be developed
as shipping routes may be different for units going to the same final city.
Final manufacturing for this product is performed at a location in Asia and completed units are
shipped to worldwide locations. The transportation model includes movement of the product
from the final manufacturing location to the final city of use. The model uses 108 final cities
and for locations that are not included in this set of cities the closest location is selected. For
example, if a router is shipped to Salem, Massachusetts, the final shipping location in the model
would be Boston, Massachusetts. There are five primary shipping routes. Four of these routes
include bulk air shipping to a distribution hub and then delivery to the final location. Shipping
from the distribution centers to the final locations is assumed to be by ground for distances
under 600 miles and by air for distances over 600 miles. The fifth route is direct air shipping to
the final location. The shipping distances that are included in the model are between the
specified cities, not the actual addresses of the customers. This simplification induces negligible
error into the results. Once the shipping routes are understood, the number of products and
average distances can be calculated using the data collected for this particular product and the
GaBi model can be developed.
The following figure shows the TRACI Global Warming Potential footprint for the transportation
phase. For both the Americas and Europe distribution centers, the footprint is subdivided to
show the two methods for final shipment. Note that the actual shipment distributions cannot
be reported as this is considered to be proprietary information.
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Figure 5: Transportation Footprint
The results show that over half of the transportation footprint is generated from the direct air
shipments. Combined, shipping to the Americas and Europe contributes approximately 45% of
the transportation footprint. Shipments to Japan contribute approximately 2.3% and
shipments to Singapore contribute less than 0.05%. It is important to understand which regions
contribute to the footprint so that improvements can be targeted to maximize the impact of
changes. These results show that sea shipping to both the Americas and Europe has a large
potential to reduce the transportation footprint. Also, reducing the number of direct air
shipments and using the distribution hubs can have a significant impact.
4.3 Use
Evaluating the use phase to the best of a company's ability is extremely important for ICT
products. Products such as routers and switches typically operate continuously for many years
resulting in the use phase being the dominant phase of the carbon footprint. Based on the
trend seen for many products in this industry, the generation of energy to power these
products is the largest contributor of carbon emissions, often 80% to 90% of the total footprint.
Not only is power needed for operating these products, but also for active cooling, which in
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many cases doubles the required power consumption. When performing an LCA it is important
that all assumptions are created with the best knowledge available and are transparently stated
to allow the consumers of the LCA data to understand how the footprint is generated.
LCA Datasets and Limitations
While the use phase is the dominant phase for this router, it is also the phase with the highest
uncertainty. There are many unknowns for calculating this segment including region of
operation, operating life, cooling facility efficiency, and percent operational time. These four
items can each induce a large amount of uncertainty in the calculation of the footprint. For
example, if the product is assumed to operate in the European Union but is actually used in
Asia, this portion of the carbon footprint could double. Another factor for variation is the
actual power a device consumes. These products are designed with many different load
conditions and design configurations, resulting in the possible range of power consumption
being large. Also, the emissions factors dataset that is used is only one of many options that
are available. Another set of emissions data for power generation will provide different results.
Methodology
When evaluating the use phase there are two options. The first is to perform the analysis
assuming a specific customer with a specific location of use. The second is to calculate an
average footprint assuming a customer location distribution and average time of use. For this
router, data for approximately one year of sales is used to estimate the distribution of the
customers. The use locations are divided into three regions which include North and South
America, Europe, and Asia. Most of the sales fit into one of these locations and the remainder
are allocated by picking the closest region. For each of the three locations an average GaBi
power grid model is used to estimate the impact of generating power in these regions. It would
be possible to allocate the sales data to more than three regions but the expected
improvement in accuracy is expected to be minimal. Also, since this LCA is meant to represent
the product on average it is possible that the distribution will experience shifts in the future,
resulting in a detailed allocation being inaccurate.
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The operating life will vary based on the customer. Each customer has different plans for
equipment in terms of when older equipment will be decommissioned and when new
equipment will be purchased. It is expected that this router will have an average life of five
years. Some customers may only use the product for three years before replacing but others
might use the equipment for ten years. It is not possible to have an exact product life so five
years is assumed and represents the trends seen with other Cisco products of similar size. The
percent operational time also has an impact on the footprint. Typically this router will be
continuously operating except for a small amount of maintenance. It is assumed for the
purpose of this analysis that this router is operating 100% of the assumed life.
Commercial grade routers and servers often require active maintenance of the thermal
environment. A residential computer can dissipate heat generated into the surrounding room
because the heat produced will have a minimal effect on the ambient temperature. For
commercial hardware in a datacenter the heat generated could significantly increase the
ambient air temperature, which can lead to hardware damage. It is difficult to account for heat
removal because each data center or service closet has a different level of cooling technology
and associated efficiency. An industry rule of thumb is that the energy required to remove the
generated heat is the same as the energy used to operate the device. For example, if a router is
operating with 100 watts of power, an additional 100 watts of power is required to maintain
the ambient temperature. Of course different levels of technology are available for cooling and
this analysis can be tailored for a specific customer.
This router is designed to route a maximum traffic load but will not encounter this level of
traffic throughout the entire operational life. Many of the routers actually see much smaller
loads on average, around 10%, because they are installed to be able to handle peak loads and
allow for traffic growth over the life of the product. To account for this variation of load, the
ATIS TEER methodology is used to calculate an average or representative power load for the
product. Typically, the TEER methodology calculates a power consumption value that is
normalized by the traffic throughput of the device. [11] In this case, the average power
consumption value is useful in determining the carbon footprint of the use phase. This
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methodology is not applicable for all ICT products. This router is considered to be an edge
router for which the ATIS TEER methodology gives the following formula to calculate the
representative load:
PowerASR1001 = 0.15 * Powero% Traffic + 0.75 * Power1 0% Traffic + 0.10
* Power1 00% Traffic
Assumed Inputs
As previously mentioned, three regions are assumed and representative sales data are used to
determine the split for the router operating locations. The router is assumed to operate on
average for five years and with zero maintenance. While there will be some downtime, it is
assumed that this value is small in comparison to five years of operation. A factor of two is
used to represent the cooling requirements for an average operating location.
While the above items can be estimated, the actual power consumption of the product cannot.
Much of the engineering design data available are based upon maximum power consumption.
This maximum does not correspond to maximum traffic flow but rather maximum component
power consumption and is used to verify that the power supplies are never undersized. Since
average power consumption data are not readily available, the corresponding business unit at
Cisco provided guidance and helped perform power testing.
Using a traffic generator, a sample router is tested under three traffic load conditions: 0%, 10%,
and 100%. An inline watt meter is used to calculate the power consumption during testing.
While there are many variations that could be considered, including I/O cards, optic ranges and
traffic types, the testing is primarily performed to obtain an estimate of power consumption. If
a specific customer requests a detailed assessment for a specific unit, then a different
combination could be evaluated but for the purposes of this study this is deemed unnecessary.
Footprint Results
Given the above assumptions, the use phase contributes 95.2% of the total carbon footprint for
this router. This large contribution highlights the importance of transparency for all
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assumptions used in determining this value. Also, as will be seen in Chapter 5, detailed
sensitivity studies are required to show the ranges of possible footprints.
4.4 End of Life
The fourth and final phase for assessment accounts for the impact of decommissioning and
disposing of the product. Unlike the previous three phases, the required GaBi datasets are not
currently available at Cisco for this particular analysis. Since the end of life phase typically
contributes the smallest impact of the four phases for ICT products [10], the results of the end
of life assessment from the estimator are used. While it is recommended that this analysis be
performed using the correct GaBi databases and methodologies, it is not possible at the time of
this assessment. Combining the GaBi results from the three previously mentioned phases with
the estimator end of life results shows that the end of life phase contributes approximately
0.6% to the total product carbon footprint. The details of this end of life assessment are
discussed in Section 6.4.
4.5 Summary of GaBi LCA Footprint
The results of the full life cycle assessment performed using GaBi highlight the importance of
understanding the assumptions used to evaluate the use phase and production phase. The
95.2% contribution from the use phase is dominant for this product and similar trends can be
expected for similar ICT products. The printed circuit boards and integrated circuits are the
primary sources of production emissions. While the impact from the transportation network is
minimal, it is important to realize that these contributions can be of significant magnitude when
aggregated for the entire company.
38
5 Validation and Sensitivity Analysis for LCA Model
A product life cycle assessment requires many sources of input information to calculate an
environmental footprint. Some input factors are product specific as they define certain
features or characteristics of the product. Other input factors are industry specific and can be
considered averages. Regardless of the type of input, each exhibits some level of uncertainty.
For example, a product may be designed to consume a certain level of power, but if two
identical units are tested the results may not be exactly the same. The footprint associated with
a common component can also be different depending on the manufacturer but is assumed to
be equal because an average value is used.
Uncertainty is present in life cycle assessments and while it would be impossible to eliminate all
uncertainty, it is very important to understand. As LCAs are performed and results are available
for use, the uncertainty must be understood so that resulting decisions are correct. For
example, an engineer could look at footprint results and decide which factors are the key
drivers of the footprint. Based on the reported numbers the selected areas for improvement
are correct, but if there is substantial underlying uncertainty the decision could be incorrect.
In this particular document understanding uncertainty is very important as the estimation
methodologies are trying to predict the reported results. While these methodologies strive to
make accurate predictions assuming the GaBi baseline is correct, the uncertainty that is
underlying within this baseline indicates that prediction methodologies may not need to
produce the exact results.
Along with uncertainty is decision based sensitivity. Two applicable examples include the actual
life of the product as decided by the customer compared to the assumed life and variation in
traffic loads based on the customer. While this sensitivity is not a result of the design or of the
footprint databases used, it can have a significant impact on the calculated footprint and needs
to be evaluated.
Uncertainty and sensitivity in the analysis will be evaluated in three phases, which are
production, transportation and use. As with the life cycle assessment, end of life is ignored as
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the tools to create this prediction were not available at the time the assessment was
performed.
5.1 Production
The production phase of the LCA has three primary factors contributing to potential variation in
the results. The reference databases that are used are a starting point for a life cycle
assessment but there are many factors that might lead to results with uncertainty. Scaling of
the actual product to the reference databases induces another potential source of variation as
the scaling methodologies may not directly reflect the underlying physical concepts. Finally,
manufacturing and testing processes naturally have variable rates, resulting in additional
variation.
One of the main benefits of using a commercial software package to create a product life cycle
assessment is the ability to use reference databases to calculate component footprints. For
example, using the reference database allows the selection of a reference resistor and the
corresponding footprint is available for evaluation. If this database is not available, then the
analysts would be required to work with the resistor manufacturer to map out the entire
production process for the resistor, calculate the impact of the production process and then
investigate even deeper into the raw material production steps. The ease of selecting or scaling
a component from the database saves a significant amount of time but can also induce
variation. The footprint in the database is either an industry average or is specific to one
manufacturer or production site. By not evaluating the specific component used in the product
being analyzed, it is assumed that the data from the database are correct. Typically this
method is considered acceptable as long as there is no knowledge to believe that the
component being evaluated would be different than the component in the database.
Another primary source of variation in the production phase occurs from the scaling
methodology that is used to determine the equivalent number of database components that
represent that actual component. Some scaling factors, such as footprint area, which is used
for printed circuit boards, are considered to be accurate. This is because there is reference data
available for various layer counts and surface finishes and the primary scaling factor is footprint
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area. Other scaling factors, such as weight or volume are used for the smaller electrical
components including resistors, capacitors, and transistors. The underlying assumption is that
the composition of the component is similar to that of the reference component, which
appears to be a valid assumption. It should be noted that since the small electrical components
in this analysis have a very small contribution to the overall footprint additional validation is not
performed. The largest potential variation from scaling occurs with the integrated circuits
because there are multiple methods of scaling, many of which do not accurately represent the
product. As mentioned in Section 4.1.2, both pin scaling and die footprint scaling are
considered. The resulting variation depending on the method selected for scaling integrated
circuits could be greater than 300%.
The third major cause of variation in the production phase occurs during assembly and test.
Variation occurs in the time to complete the procedures along with the potential to need
additional processing if the initial testing fails. Based on a sample of testing data for this router,
variation ranges between 5% and 15%. This is a result of each individual product requiring
different durations to complete testing.
5.2 Transportation
The transportation phase has two main sources of variation and uncertainty. Similar to the
production phase, the use of reference footprints from a database induces uncertainty into the
analysis. Also, simplifying the transportation network data for this router requires simplifying
assumptions to be made, which induces additional variation.
The reference database includes multiple options for air, sea, land, and rail transportation, but
as mentioned in Section 5.1, these reference footprints are either an industry average or for a
single specific unit or company. It is quite possible that this particular router is shipping on a
fleet with lower or higher emissions. As the product distribution locations change, so will the
technology level of the transportation systems, and this will not be reflected in the assessment.
Many other assumptions also need to be made such as load factors for the transportation
systems, which may or may not be accurate for this product. Again, the reference data make
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performing the life cycle assessment much easier but also induce additional uncertainty in the
results.
The level of detail used for the transportation network model has a strong influence on the
level of uncertainty in the results. This particular analysis maps the flow of the product
between cities. For example, if a product was being shipped to the Americas, the model would
capture the transportation from the city of the manufacturing site in Asia to the city of the
distribution center, and then from the city of the distribution center to the city of final delivery.
Distances and modes of transportation are modeled between each node. While this modeling
methodology is quite detailed, there is still uncertainty induced into the results. First, distances
are only estimates because the nearest large city to the final location is selected. The distance
between this final location and the selected city could be a sizeable distance if the final location
is in a rural setting. Also, the model assumes that once the package arrives in the final city
there is no additional transportation, which is not true, especially if the last leg is modeled as air
transport. For this particular product the maximum variation due to the level of detail used in
the model is estimated to be around 10%. The carbon footprint is dominated by the legs that
are completed with air travel, which comprise approximately 90% of the footprint.
5.3 Use
The uncertainty of the use phase is similar to the transportation phase in that there are two key
elements. First, the reference database inherently has uncertainty, as either an average value
or a specific value is used and does not specifically model the sources for the particular product
being evaluated. Second, the modeling technique and the assumptions used have a large
influence on the potential variability of the results.
This particular analysis uses power grid mixes on a regional basis. For example, an average
power source for all of Europe is used for all products shipped to that region. Distribution of
the product to various countries within that region is not considered. The potential variability
in the results could be reduced by using country specific power models but this method was not
selected.
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For the modeling of power consumption multiple assumptions are made that have a significant
impact on the results. The three largest assumptions are product life, cooling required and
traffic load. A product life of five years is selected but could potentially be as low as three and
as high as ten. A standard cooling factor of two is selected but could be as low as 0.15. For
traffic load, the ATIS TEER standard for an edge router is used, which assumes the router will be
operating around 10% traffic load during the majority of the life. The potential variation under
standard conditions could be close to 100%. This highlights the importance of transparently
stating all assumptions regarding the calculation of the use phase footprint.
5.4 System Variation
The combinations of the previously mentioned factors for variation are difficult to understand
at a systems level. In order to better characterize the potential variation of the life cycle
assessment results for this router, a sensitivity study was performed. Due to the results
showing that the use phase is dominant, a designer would be interested in knowing if there is a
possibility that another phase, especially the production phase, could potentially become the
dominant phase. This analysis includes all potential variation such that the production phase
footprint is increased to maximum possible levels and the use phase footprint is reduced to
minimum possible levels.
The baseline results are modified to reflect the potential variation. For the production phase,
the integrated circuit footprint is adjusted to reflect the impact of using pin scaling rather than
die and package scaling, which results in a significant increase in the footprint. For the other
contributions to the production footprint, the footprint is increased by 15% to reflect the
potential impact from using a standard database. The use phase footprint results are modified
by assuming a three year life and zero traffic. The cooling factor is reduced to assume that
required power consumption for cooling is only 50% of the power required to operate the unit.
The results are shown in the following figure.
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Figure 6: Sensitivity Study Results
The results of the sensitivity study show that even assuming the variation tallies to the worst
case scenario, the use phase will still be the dominant contributor to the footprint.
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6 Estimator Results
The iNEMI Eco-Impact Evaluator methodology is intended to reduce the cycle time for
performing a life cycle assessment while maintaining reasonable accuracy compared to a full
GaBi LCA. Chapter 6 explains the results of the estimator methodology compared to the results
presented in Chapter 4. The comparison is presented using percentages of the total footprint
as actual emission values cannot be disclosed. The following plot represents the comparison of
the two sets of life cycle assessment results.
Figure 7: Complete Life Cycle Assessment Comparison
The bar chart is set up in such a way that the length of a bar represents the absolute magnitude
of the emissions. The percentages shown correspond to either the GaBi results or the
Estimator results. For example, the use phase contribution is 95.2 % of the GaBi prediction and
88.0% of the estimator prediction. The figure shows that the use phase contribution predicted
by the estimator is approximately 2/3 of the value produced by the GaBi analysis.
The total carbon footprint predicted by the estimator is 72.8% of the total carbon footprint
predicted by the GaBi analysis. The majority of this difference is explained by examining the
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Life Cycle Assessment Results
U GaBi M Estimator
T 100.0%Total
100.0%
3.0%
Production
9.5%
1.1%
Transport
1.7%
95.2%Use
88.0%
0.6%
End of Life
0.8%
use phase. The estimator actually predicts a production footprint 2.29 times greater than the
GaBi results. A detailed comparison is presented in the following chapters.
6.1 Production
The comparison for the production phase may be the most interesting because it requires the
comparison of multiple models. Also, it is the production phase that requires the most time
when creating a GaBi assessment, so accurate functionality of the estimator for this phase has
strong potential for reducing LCA cycle time. Similar to the statement in the previous section,
the production comparison is performed using only percentages. The following plot represents
the production life cycle assessment comparison.
Figure 8: Production Life cycle Assessment Comparison
The results show that the estimator produces a footprint result 2.29 times larger than the GaBi
analysis. The primary contributor to this difference is the integrated circuits. As mentioned in
Section 4.1.2, there are multiple ways to evaluate the footprint of an integrated circuit and this
difference is the result of different methods being used. The comparison for the printed circuit
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Production Life Cycle Assessment Results
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boards, other electrical components and mechanical components appears to be reasonable.
While there appears to be a large difference for the assembly and test phase, Section 6.1.5 will
explain that different contributions are included in the different analyses.
6.1.1 Printed Wire Boards
Printed wire boards are a main contributor to the production footprint, resulting in the
estimator methodology focusing on these key components. Inputs for the estimator
methodology are similar to the full GaBi model and include layer count, surface finish and area.
The primary difference is that there is a range limit of 4 to 22 for the number of layers. For
boards with layer counts higher than 22, the scaling methodology outlined in Section 4.1.1 is
used. If a board layer count is lower than the lower range limit of four, then a layer count of
four is used. In general, these lower layer count boards are small in area relative to the larger
layer count boards, meaning they have a minimal comparable impact on the final results.
The results from the estimator show that the printed circuit boards contribute 16.1% of the
production footprint compared to the 38.4% predicted by the GaBi model. As discussed in the
following sections, the presentation of these results is skewed by a large difference in the
results for the integrated circuits. The results predicted by the estimator for the actual
emissions of each board are actually within 2% of the value predicted by the GaBi. The only
deviation from this observation is for the smaller two layer boards, which have a minimal
impact on the overall results. This comparison shows that the estimator is a valid tool for
predicting emissions of boards with layer counts greater or equal to four.
6.1.2 Integrated Circuits
The estimator attempts to use a simplified methodology for evaluating the footprint of the
integrated circuits. There are currently only four integrated circuit package types modeled in
the estimator: PLCC, BGA, QFP, and TQFP. For this analysis, if the package type of an integrated
circuit on the router is not available in the estimator, the contribution to the footprint is
assumed to be minimal. While there is potential to include more package types in the future,
these four contribute a large percentage of the integrated circuit footprint as validated by the
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results in Section 4.1.2. The estimator uses a pin scaling methodology and requires the pin
count of each integrated circuit as an input. The range of pin counts that can be entered into
the estimator is limited between 20 and 700. The lower limit on pin count is not an issue for
the modeling of this router because components of these package types typically do not have
pin counts below 20. Also, components of these lower pin counts will have a minimal
contribution to the production carbon footprint. The upper bound of the range is limiting as
there are many BGAs used in this router that have pin counts greater than 700 and that will
have a substantial contribution to the production footprint. These higher pin counts can be
entered into the estimator but an extrapolation routine is used to calculate the corresponding
footprint, as there is no footprint data for these higher pin count integrated circuits.
Results
The integrated circuits contribute 57.4% of the production footprint compared to 37%
predicted by the GaBi model. Comparing the magnitudes of the predicted carbon footprints for
the integrated circuits shows that the estimator predicts a value 256% higher than the GaBi
model. The primary cause of this difference is that the estimator uses a pin scaling
methodology and the GaBi model uses a silicon scaling methodology for the BGA integrated
circuits. It is important to note that this result skews the comparison of the two methodologies
when reporting only percentages since the total production footprint predicted by the
estimator is significantly higher than the footprint predicted by the GaBi model.
The following chart shows the distribution of the carbon footprint for the integrated circuits as
predicted by the estimator. Note that the magnitude of this footprint is different (256%
greater) than the result generated from the GaBi model.
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Figure 9: Details of Integrated Circuit Footprint by Printed Circuit Board
Compared to the results from GaBi, the estimator predicts the distribution of the integrated
circuit carbon footprint by printed circuit board well. In terms of the percent total integrated
circuit carbon footprint, the estimator has a maximum error of roughly 3%. The similarities of
these results occur because regardless of the scaling methodology used, the predicted carbon
footprint scales based on the size of the product. It is important to note that the absolute
values are not the same and these results can only be used to identify areas for potential
footprint improvements.
The following figure shows the distribution of the integrated circuit footprint by package type.
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Figure 10: Details of Integrated Circuit Footprint by Package Type
Unlike the distribution for the different boards, the footprint results when aggregated by
package type are not the same between the GaBi and estimator methodologies. As mentioned,
when the results are aggregated for the different boards the scaling methodology does not
make a substantial difference in terms of percentages because both methodologies exhibit the
same linear scaling. But when aggregating by package type, the difference between not using
pin scaling for the BGAs (GaBi methodology) versus using pin scaling for the BGAs is highlighted.
6.1.3 Small Electrical Components
As previously mentioned, developing a GaBi model for the small electrical components
consumes a significant portion of the time to create a full life cycle assessment. The estimator
utilizes the trend that indicates the small electrical components are not major contributors to
the production footprint to employ simplified modeling techniques.
The estimator is designed to allow the user to enter very large electrical components
individually. These very large components, if included in the design of a product, would have
an impact on the footprint comparable to that of a small integrated circuit. To enter these
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large components into the estimator a strategy comparable to the scaling used for the small
components in the GaBi model must be used. For each large component specified in the
estimator, it was determined if a component of the same type and larger than the reference is
used in the production of this router. If so, the weight of the actual component is used to scale
to the reference component in the estimator. While most of the smaller components could not
be removed from the printed circuit board, these larger components are easily removed. The
only component that is large enough to be individually entered is one capacitor contained in
each of the power supplies.
To account for the remainder of the small components, the estimator uses a scale factor based
on the combined production footprint of the printed wire boards and the integrated circuits.
This scale factor is based on historical data for comparable products. Note that the scaling
methodology used in the estimator for the integrated circuits will influence the footprint
contribution for the small electrical components. Currently, since only one scaling
methodology for the integrated circuits is available in the estimator, there is no need for
additional factors for the small components.
The estimator predicts that the small electronic components will contribute 7.5% of the
production footprint compared to the 10.9% predicted by GaBi. It is important to note that the
result for the small electrical components is actually 55% percent higher than the GaBi
prediction. The reason that the percent of the production footprint values does not capture
this trend is because of the much larger integrated circuit footprint predicted by the estimator.
If the methodology for calculating the small electrical components footprint is applied to the
results from GaBi for the boards and integrated circuits then the predicted footprint for these
small components is actually 29.7% less than predicted by the GaBi model. This sensitivity
analysis shows that this scale factor for the small electrical components is in the correct range
for estimating the footprint. As companies refine estimation methodologies for integrated
circuits to better represent their products this factor can be adjusted accordingly. Overall, this
scale factor methodology is adequate, as it saves a significant amount of time in performing a
full Life cycle assessment and the contribution to the entire footprint is minimal.
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6.1.4 Mechanical Components
Comparable to the small electrical components, the GaBi model for the mechanical
components can be time consuming to create, as each individual component is modeled
individually. The same summary of weights and materials for the mechanical components that
are used to create the GaBi model is used as the input for the estimator. The primary
difference is that instead of building a model for the production of each individual part, the
estimator aggregates the data into total weights of each material type. One difference worth
highlighting is that the estimator does not account for losses associated with the production
processes. The GaBi model accounts for some material loss during a manufacturing process
and therefore the amount of raw material required is higher.
The estimator predicts that the footprint generated by the mechanical components contributes
5.7% of the total production footprint compared to 8.6% predicted by the GaBi model. The
estimator actually predicts an absolute footprint value that is 51% higher than the carbon
footprint predicted by GaBi. The percentage of the production footprint predicted by the
estimator is lower because the larger footprint of the BGAs actually increases the total
production estimator prediction and reduces the mechanical percentage.
6.1.5 Testing
The estimator uses an approach for calculating the assembly and test footprint contributions
that is similar to the approach for small electrical components. In terms of the tradeoff
between improved accuracy and increased evaluation time, the estimator uses a simple scale
factor to capture the footprint impact for assembly and test. To estimate these effects, the
estimator uses three 5% scale factors. These three factors account for intermediate
transportation, assembly, and testing. Intermediate transportation does not have a
comparable item in the GaBi model. Assembly in the estimator is more specific to routing and
switching hardware and includes additional factors that are not available in the GaBi model.
The testing footprint in the estimator is 4.8% of the production footprint. This compares well to
the testing modeled in GaBi, which is predicted to be 5%. It is important to note that the
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prediction for the testing carbon footprint by the estimator is actually 117% larger than the
prediction by GaBi.
As with the scale factor used for the small electronics, it is important to note that the effect of
the integrated circuit scaling methodology has a significant impact on the testing footprint. If
the estimator is changed to include modeling of integrated circuits by silicon die size rather
than pin count, the value of this scale factor needs to be reevaluated. Due to this potential
discrepancy, it is recommended that the developers of the estimator further clarify how these
three 5% scale factors are obtained.
6.2 Logistics
The logistics model uses a simplified approach in an attempt to increase the speed in
calculating the footprint of the transportation phase. Emission factors in the estimator are the
same as those used in the GaBi model, which allows for a simplified comparison. All emission
factors are average emission factors. Air, sea, ground and rail transportation methods are
modeled by multiplying the emission factor by weight and distance to determine the associated
carbon emissions.
Model
The estimator assumes that there is only one path that a product is shipped through. This path
includes shipment to a distribution center and then to the final destination. These two legs are
modeled separately. Mileages are included in the estimator and are determined based on the
start and end location of each leg. For example, if the product is shipped from China to the
United States, China/Japan would be the start location and USA/Canada would be the end
location. A set of average distances is used between the start and end locations. For each leg,
the distribution of distance traveled by air versus marine is entered. There are five
combinations that can be selected (for example, 80% air, 20% marine). For each combination
there is an associated distance that accounts for transportation to and from the air/marine
start/end locations. The emissions for the shipping route are scaled from the reference product
weight of 1kg using the actual weight of the product.
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The biggest limiting factor of this model is that only one shipping route can be considered. This
works well if a product for a specific customer is being evaluated, but does not work with a
distribution of shipping routes associated with modeling an average product. Another concern
is that ground transportation cannot be entered into the model. For example, if there is one
distribution center in the United States and all products are ground shipped from this center, an
average shipping distance cannot be entered into the model. Only one of the five routes can be
entered for this router. The question arises as to how one should pick the route that will most
closely represent the actual emissions.
Results
The accuracy of the estimator is evaluated by comparing the total transportation footprint
calculated from GaBi with the results of the possible input scenarios from the estimator. The
following table shows the percent error in predicting the complete transportation footprint by
only using one input scenario.
Begin End % Error
Asia North America -3.6%
Asia Europe 25.0%
Asia Japan 99.9%
Asia Singapore 68.2%
Table 2: Percent Error for Transportation Estimation
The results show that by selecting one location there is the potential for substantial error in the
results. It is also insufficient to pick the route with the most volume. Note that the comparison
for the direct air shipping route has been excluded since the estimator does not have the ability
to model this scenario.
6.3 Use
As discussed in Section 4.3, the use phase is often the largest contributor to full life cycle
footprints of ICT products. For this particular router the full life cycle assessment shows that
the use phase can contribute up to 95% of the total carbon footprint. Section 7.2.5 discusses
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the importance of documenting all assumptions used during the evaluation of this phase,
including specifying which set of emissions factors are used.
Modeling
The estimator allows the user to enter a single value for power consumption (in watts), yearly
usage (in hours), scheduled maintenance (in hours), and operating life (in years). These four
inputs allow for the total lifetime power consumption to be calculated. Next, the region of
operation needs to be selected. Each region has a different associated environmental impact to
account for differences in power production technology throughout the world. Using a set of
emission factors, the estimator then calculates the corresponding carbon footprint. For the
purpose of this comparison, the ATIS TEER equivalent power consumption calculation is used.
In terms of the comparison between the results from the GaBi LCA and the estimator LCA, the
biggest source of variation is the energy dataset used. Since both models have different
datasets for the emission factors associated with power generation, there will always be a
difference in the results between the two models. Fundamentally this is not an issue because
any company has the ability to choose which datasets they feel best represent their products.
Once determining which dataset to use, the company then must transparently state this
assumption so that the consumer of the footprint data is fully aware of how the results are
generated.
Starting with region of use, the estimator only allows one region to be selected for the
calculation. While selecting a single location is adequate if performing an LCA for a specific
company and installation, this does not allow Cisco to capture an average product footprint.
The methodology for the GaBi LCA uses a distribution of locations to account for different
power generation technologies throughout the world. Different regions have significant
variation associated with power production footprints, making it difficult to assume that one
region adequately represents all regions. Selecting just one region has the potential to induce a
large amount of error if the product location is evenly distributed over multiple regions.
55
As previously mentioned, the assumed operating life has a large impact on the overall carbon
footprint of the product. A life of 5 years is assumed as this represents the best assumption
based on past experience. Again, downtime for maintenance is neglected, as this should be a
negligible portion of the total operating time.
Additional power consumption required for cooling is not explicitly factored into the estimator
model. While it is simple enough to add the required power for cooling to the required power
for operation for an experienced LCA modeler, this assumption needs to be more transparent.
Any assumptions relating to the use phase need to be clearly stated and transparent to the end
user of the LCA data. Simple assumptions in this phase can have a significant impact on the
overall results.
Results
The initial results from the estimator assume that the product is operating in North America.
With this assumption, the use phase contributes 88.0% of the total footprint. If Europe is
selected, the use phase contributes 82.7% of the total footprint. If Asia is selected, the use
phase contributes 91.1% of the total footprint. These results show that there are significant
differences in footprint results based on the assumed region of operation.
While a true comparison would look at the impact of using two separate energy emission factor
databases, it is not necessary in this case. As previously mentioned, selecting a dataset is the
choice of the evaluator, who then needs to properly communicate any assumptions made.
6.4 End of Life
The initial framework for estimating the impact of the end of life phase uses the information
already entered into the model for the other three phases to estimate a result. Information
such as printed wire board area and number of integrated circuits is then used in combination
with industry average conversion factors to calculate the eco-impact. This simplified approach
allows the user of this methodology to automatically calculate the eco-impact for a new
product and is especially useful in the design phases before the product has been produced,
used and recycled. As with any other phase it is important to understand the underlying
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assumptions and make corrections if they are found not to be true for a specific product. For
this particular router, the estimator predicts the impact of disposing the product to be 0.8%.
6.5 Summary
The results of the comparison between the life cycle assessments performed using the
estimator and GaBi show that the estimator is a valid tool for calculating product footprints that
identify key contributing footprint phases. The estimator substantially reduces the time
required to perform an initial estimation of a product footprint and will allow for simultaneous
integration with the product design team. The result is that informed decisions can be made
while there are still opportunities available to influence the design. Opportunities for
improvement are presented in Chapter 7.2.
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7 Recommendations
Performing the life cycle assessment for this router has not only produced footprint results but
also indicated many areas for improvement. Design improvements for future routers are
identified along with options for improving the accuracy of the estimator. Experience
performing this LCA has also identified integration opportunities for the estimator both at Cisco
and in the ICT industry.
7.1 Product Design and Use
The life cycle assessment of this commercial grade router reveals multiple areas that are key
targets for reducing the product footprint. Each of the four phases and the entire life cycle of
the product are addressed. Looking at only the full life cycle would result in a focus on only the
use phase but there are potential improvements in both the production and transportation
phases. While improvements in the production and transportation phases may seem trivial
compared to the use phase, any minor changes can have a large global impact due to a large
production volume.
As shown with the footprint results for the production phase, the printed circuit boards and
integrated circuits are the largest contributors to global warming potential. The current
configuration of the printed circuit board has one side densely populated with components
while the other side is essentially bare. It is recommended that alternative layouts be
considered to reduce the area and layer count of the board. Any considerations for size
reduction to compact the layout will need to be traded with changes to the performance of the
product.
Integrated circuits are the largest contributing component to the production footprint.
Reducing the footprint is not as simple as saying to reduce the number of integrated circuits as
each IC performs a specific function in the routing process. For future designs it is
recommended the architecture be evaluated to determine if any of the integrated circuits are
unnecessary or if another integrated circuit smaller in size can be used. Another possible
option is to combine the functionality of multiple integrated circuits into a single multi-core
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integrated circuit, which has the potential to reduce the production footprint. For new routing
architectures, it may be possible to consider designs which leverage processors on multiple
boards, therefore reducing redundancy. For example, in larger routers that consist of multiple
route processing cards it may be possible to utilize processors on other cards instead of each
card needing every integrated circuit. Basically, alternative architectures should be considered
that will reduce the production footprint of the product.
The transportation phase has significant room for improvement, as most of the products are air
shipped to worldwide distribution centers or are directly shipped to the city of installation.
Considering this particular product has recently entered the market and sales volume is
ramping, it may make sense to directly ship. Once the sales have stabilized it is recommended
that at least a portion of the routers be shipped from the manufacturing location in Asia to
worldwide distribution centers by sea. While the transportation phase is only a small portion of
the overall carbon footprint, a large impact can be produced as the volume grows.
The use phase is the main contributor to the carbon footprint and has the most opportunity for
reduction. First considering the use phase as an individual phase similar to the production and
transportation phases, there are a few options for improvement. Half of the carbon footprint
for the use phase is from the required active cooling provided at the site of operation.
Individual users have the ability to reduce their footprint by selecting efficient cooling
technologies or by finding ways to utilize the generated heat. Users can also reduce their
footprint by only installing the required input/output (1/0) cards. Each additional set of
connections requires additional power consumption, and if an additional 1/O card can be
removed power consumption will be reduced.
The largest improvement for this router comes from looking at the design and determining how
to reduce the power consumption. Power consumption varies by less than 10% from zero
routing load to full routing load. Considering that this particular router will be experiencing
moderate traffic during working hours and negligible traffic during nonworking hours, there is
substantial opportunity for improvement. Options such as standby modes, new architectures,
and traffic load sharing (and router shutdown) are a few possible options that should be
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explored. It is also important to consider the interaction of the production footprint with the
use footprint. It seems that pure architectural design changes are the most promising way to
reduce the overall footprint, which may or may not require an increase in the production
footprint to ultimately reduce the overall footprint.
It is important to note that reducing the use phase footprint typically corresponds to a
reduction of power consumption. A reduction in power consumption will result in an
operational cost savings for the customer.
7.2 LCA Estimator
Results from both the GaBi and estimator methodologies show that different methodologies
can yield different results. The goal of the estimator is to be a simple tool that can be quickly
used to replicate the results of the full GaBi LCA. The two sets of results show that the
estimator predictions for the printed circuit boards are reasonable while a significant difference
occurs for the integrated circuits. The discussion in Chapter 6 also focuses on how the
estimator results for the transportation and use phases do not allow for product mixes to be
modeled, resulting in differences between the two models. Section 2 of Chapter 7 will discuss
how improvements can be made to the estimator and the resulting consequences regarding
ease of use.
7.2.1 Printed Wire Boards
As shown in Section 6.1.1, the estimation techniques for the printed circuit boards predict
results with minimal error relative to the GaBi model. For all boards with layer counts of at
least four, the results from the estimator have less than 2% error. The largest discrepancy
occurs with the two layer count board, with an error of almost 75%. While this error has little
impact on the overall evaluation of this product, it is important to note that if a product being
evaluated is much smaller, this error could be substantial.
Since the regression model for predicting the higher layer count boards does work well it is
recommended that a piecewise model be developed. The existing regression model would be
used for boards with layer counts of four and higher and a second model would be used for the
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boards with a layer count of two. This modeling technique would result in negligible estimator
error for two layer count boards while maintaining the same minimal level of error for the
higher layer count boards. Again, this correction is very important to provide reasonable
estimations for small products in which two layer count boards could produce a dominant share
of the production footprint.
7.2.2 Integrated Circuits
As shown in Sections 4.1.2 and 6.1.2, multiple methodologies can be used to evaluate the
footprint of an integrated circuit. Section 4.1.2 details a methodology that is primarily based on
scaling from the die size of an integrated circuit. This methodology is considered to be more
accurate since the 0.8 die to package ratio assumption is not correct. Section 6.1.2 discusses
how pin scaling is the only option to enter an integrated circuit into the estimator and how the
results have a large error relative to the GaBi baseline.
A simple estimation technique has been developed to better estimate the carbon footprint of a
BGA type integrated circuit. Data from approximately 30 BGAs of various sizes (49 pins to 2303
pins) have been used to generate simple trends that can be used for estimating both package
size and die size. These trends are specific to this particular router since all of the BGAs used to
develop this trend are from this router. These regression models allow the user to enter a pin
count, estimate an average package and die size from the data and ultimately calculate the
carbon footprint. The benefit of this methodology is that the user or the estimator only needs
to know the pin count and does not have to assume the standard die to package ratio. The
initial results for this methodology show an error from the baseline of approximately 25%,
which is a significant reduction from the error of the initial estimation technique (approximately
250%).
While this new technique is far from perfect and has multiple facets which can be improved, it
is a step toward a more accurate carbon footprint estimating technique. Future work needs to
include collecting additional data to build regression models that cover a wider range of BGAs.
Detailed studies to find trends for different types of BGAs (e.g., routing versus memory) should
be considered to improve the accuracy of the model. As more data are included the users of
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this methodology will be able to better understand the accuracy of the prediction technique.
The initial evaluation of this methodology provides improved estimating ability but requires
further validation.
7.2.3 Electronic Components
The contribution of the small electrical components to the overall footprint is described in
Section 6.1.3 as being calculated using a scale factor based on the footprint of the printed
circuit boards and the integrated circuits. Based on experience from generating the complete
GaBi model for this router, a scale factor is believed to be the best balance between time to
calculate and accuracy for this particular aspect of the footprint. The current scale factor used
in the estimator is based on prior life cycle assessments but may not be the best value for all
ICT hardware. It is recommended that the iNEMI partners who are developing this estimator
continually evaluate this factor and update it as necessary. It is possible that different classes
of hardware (e.g., servers versus routers) may have different average values for this factor.
Currently there is limited past experience to draw any conclusion regarding the average range
of this value. Also, as the scaling methodologies evolve for the printed circuit boards and the
integrated circuits, the owner of the estimator must evaluate if the scale factor needs to be
adjusted since the reference value is changing for the same product.
7.2.4 Logistics
Based on the discussion in Section 6.2, the estimator provides an adequate evaluation of the
logistics footprint if the exact shipping routes are unknown or undeveloped. The current
version of the estimator captures the main transportation trends in the ICT industry, which
include both air and ocean shipping from Asia to the Americas and Europe. Without having
detailed shipping information the estimator provides an adequate and easy to produce
evaluation of the carbon footprint associated with the transportation phase for a product.
The largest issue with the transportation phase in the estimator is that there is limited ability to
enter information if the exact shipping routes are known. While it is useful to have average
transportation routes, many companies can easily extract the logistics network of a product
62
from internal information systems. This is the case for this particular product since both the
shipping routes and the production distribution mixes for these routes are well known and
easily accessible. Since the transportation emission factors used in the estimator are the same
as in the GaBi model, any difference in the footprint results are strictly from the modeling
methodology used.
The estimator should be able to predict the actual footprint with relative ease assuming that
logistics data is available. The user should have the option to add multiple shipping routes and
product distribution mixes along with detailed information for each route. Allowing the users
to override the assumptions made by the estimator is the best method for reducing the error
associated with the prediction. These two updates to the estimator will allow the user to
generate a result that essentially has zero error to the baseline while reducing modeling time.
For Cisco it is recommended to use the ability to generate a detailed shipping report, make any
appropriate simplifying assumptions and model the simplified distribution channels without
using the assumptions in the estimator. The fact that Cisco can easily extract detailed shipping
information from a database for existing products allows Cisco to provide footprint results to
customers with minimal error.
7.2.5 Use
As previously discussed, there are two key differences between the GaBi model developed and
the estimator for the use phase. The first difference is that GaBi and the estimator use
different datasets of emission factors, which ultimately induce a difference in the output. This
difference is ignored in this comparison since any company has the right to choose any dataset
of emission factors if they are transparent regarding their selection. The second difference is
that the estimator does not allow for the different regions of use to be modeled together to
produce an average footprint. The inability to model distributions of products throughout the
world is a weakness of the estimator but this can be corrected.
The recommended change for the estimator use phase model should be the same as the
addition for the transportation phase model. This includes adding the ability to model multiple
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regions and to set product distribution locations based on internal sales data. These simple
additions will allow the estimator model to predict the GaBi results exactly.
In summary, the estimator does reduce modeling time for the use phase. Since the use phase is
typically the largest contributor to the footprint it must accurately replicate the baseline set of
results. If it does not, the entire estimated footprint could have a large error, which negates
the original reason of using the estimator.
7.3 Recommendations for Implementation of the Estimator at Cisco
The estimation tool has strong potential to improve the cycle time of providing accurate life
cycle assessments to customers. While the initial version has already greatly reduced the time
required to perform assessments, there are multiple opportunities to further decrease the
required modeling time. Also, to make the tool an effective component in the design cycle, an
understanding around the use and functionally needs to be developed in the engineering
organization. Finally, procedures and plans need to be developed to ensure the long-term
success of the tool to prevent results from becoming outdated.
The tool currently requires the user to manually collect any information that is required as an
input. The most time consuming task is by far the decomposition of the corresponding bill of
materials (BOM), which can have thousands of components depending on the product. Since
Cisco uses a standard naming convention for most components it is quite possible to develop a
tool that automatically sorts and categorizes the BOM. By eliminating the need for the user to
look line by line at the BOM, cycle time will substantially decrease. Items that do not follow a
standard naming criterion would require manual input. Also, additional internal systems
include important component and product specifications that could be incorporated into an
automated process. For example, if the die and package sizes of the integrated circuits are
known or if the product has already been power tested, this information could be automatically
extracted from the proper systems. Increased automation of this evaluation will further reduce
cycle time, standardizing the process and allowing sustainability staff to cover more product
lines, which ultimately increases footprint awareness.
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As discussed in previous sections, evaluating the footprint of a product after the design is
complete creates a situation where there are limited options for improvement. Substantial
improvements will occur by evaluating architectural options during the design process and the
estimator is a great tool for designers to easily evaluate footprints during each design iteration.
The problem is that unless there are sustainability metrics included in the goals of a design
program, performing these footprint analyses will only be viewed as an additional and
unnecessary task. The results of the footprint evaluations need to be related to metrics such as
cost, power consumption or performance. These relationships will depend on the dynamics of
the market in which the product is designed to serve and the expectations of the customer. It is
possible that compromises on product price or operating cost can be made to reduce the
footprint of the product. While the exact metrics and relationship are dependent on the
product, it is important for the product management team to understand the implications of
decisions related to the product footprint.
The final recommendation for implementation of the LCA estimator at Cisco is that a cycle and
process for updating the estimator model data needs to be developed and executed. As more
life cycle assessments are performed, Cisco will gain additional knowledge regarding the scaling
methodologies, scale factors, relative importance of various components and automation.
Without updating the underlying datasets and assumptions of the estimator, this method for
calculating LCAs will lose acceptance among industry peers. The benefit of updating the
estimator is that as Cisco performs more complete GaBi LCAs, many of the simplistic
assumptions within the estimator will be able to be further developed, allowing much more
accurate results to be calculated with less effort.
7.4 Recommendations for Implementation of LCAs in the Aerospace Industry
The concept of using estimation methodologies to produce life cycle assessments is applicable
to additional industries beyond the ICT industry. Performing a full LCA on either an aircraft or
an aircraft engine would be a substantial task, as there are a significant number of materials
and processes that are required to produce one of these machines. While the particular
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estimator evaluated in the previous sections could not be used for the aerospace industry,
many of the concepts can be transferred.
There are two obvious issues with performing a life cycle assessment for an aerospace product.
First, many of the components are unique and footprint information in the existing
environmental databases is not applicable. Also, the supply chain is deep in the sense that
there are many tiers of suppliers from cradle to gate. Both of these issues seem to be more
complex than for ICT products, which makes the estimation methodologies very useful for the
aerospace industry.
One option for developing an aircraft or engine estimator is to start by simply looking at the
environmental impact of the materials used to produce the product. There will be aerospace
alloys that will require the footprint to be evaluated. Once the materials are known, standard
manufacturing factors can be added into the estimator to account for the processes required to
transform the raw material into a final product. This is a first order estimation for the
production phase but will give a representative result and does not require each component to
be evaluated. As full LCAs are performed this estimation methodology can be refined to
include more detail in terms of producing certain components.
An interesting similarity between the ICT and aerospace industries is that the use phase will be
the dominant phase of the footprint. ICT products consume electricity and aerospace products
consume fuel over a long lifecycle. Using the estimation methodologies will allow designers in
both industries to make informed trades to reduce the footprint because decisions can be
evaluated across multiple phases. Using an aircraft engine as an example, a designer could be
deciding which material to choose for the turbine airfoils. The designer can choose between a
high-end super alloy that will reduce fuel consumption and a low-end super alloy that will
increase the fuel consumption. The low-end super alloy has a smaller footprint than the high-
end super alloy. This contradictory decision can be answered using the estimation
methodologies. The estimation methodologies also allow environmental considerations to be
evaluated concurrently with typical product design decision-making by allowing easy evaluation
of the footprint.
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Estimation methodologies for environmental footprints have a wide range of uses beyond the
ICT industry. Implementing the current standard LCA technique is very time consuming in many
industries, which results in product footprints not being calculated and discussions regarding
options for improvement neglected. Estimation methodologies have the potential to be a key
factor in helping sustainability become another common design parameter.
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8 Conclusion
Based on the research performed, three significant conclusions have been discovered:
1. The full life cycle assessment completed using GaBi provides guidance for expected
trends for similar products. For ICT products with similar operating models, the use
phase will most likely be the dominant contributor to the total carbon footprint. Any
improvement projects occurring during the design phase should consider the impact
during the use phase.
2. The iNEMI Eco-Impact Evaluator methodology is capable of predicting the carbon
footprint of this router. The importance of transparency regarding all assumptions and
data used is highlighted when comparing the two sets of results. Suggestions have
been made regarding improvements for both the use of the estimator and the
underlying functionality to enhance the effectiveness.
3. The iNEMI Eco-Impact Evaluator methodology can provide significant value to an
organization by allowing for life cycle assessments to be completed using fewer
resources with a quicker cycle time. (Quantification of the reduction in required
resources is a potential future research topic.) This allows for the potential of
integration during the design phase, which is when these analyses can have the
greatest impact.
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